Large muscle fiber size imposes constraints on muscle function while imparting no obvious advantages, making it difficult to explain why muscle fibers are among the largest cell type. Johnston and colleagues proposed the 'optimal fiber size' hypothesis, which states that some fish have large fibers that balance the need for short diffusion distances against metabolic cost savings associated with large fibers. We tested this hypothesis in hypertrophically growing fibers in the lobster Homarus americanus. Mean fiber diameter was 316±11m in juveniles and 670±26m in adults, leading to a surface area to volume ratio (SA:V) that was 2-fold higher in juveniles. Na -ATPase over a broad fiber size range showed that if fibers were much smaller than those observed, maintenance of the membrane potential would constitute a large fraction of whole-animal metabolic rate, suggesting that the fibers grow large to reduce maintenance costs. However, a reaction-diffusion model of aerobic metabolism indicated that fibers in adults could attain still larger sizes without diffusion limitation, although further growth would have a negligible effect on cost. Therefore, it appears that decreased fiber SA:V makes larger fibers in H. americanus less expensive to maintain, which is consistent with the optimal fiber size hypothesis.
INTRODUCTION
The size of fibers within skeletal muscle is a fundamental property that influences function and reflects the patterns of muscle growth that have occurred throughout an organism's life. It is generally accepted that constraints associated with processes like aerobic metabolism, which relies on oxygen diffusion, limit the maximal fiber size (Van Wessel et al., 2010) . However, there is no similar conceptual framework to explain the regulation of minimal fiber size. This gap in understanding is particularly glaring when considering that in adult animals fiber diameter varies across species over 3 orders of magnitude, from a few micrometers to more than 5mm (e.g. Kinsey et al., 2007) . Muscle grows by a combination of hyperplasia, which is an increase in fiber number, and hypertrophy, which is an increase in fiber size. Anaerobic muscle grows primarily by hypertrophy in crustaceans (Bittner and Traut, 1978; Boyle et al., 2003; Jimenez et al., 2008) and fish (Weatherly and Gill, 1985; Valente et al., 1999; Nyack et al., 2007) , which when coupled to a dramatic post-metamorphic increase in body mass leads to very large fibers in adults . As anaerobic fibers in these groups grow, there are changes in mitochondrial and nuclear distribution, as well as a shift away from hypertrophic growth once a threshold size is reached, and mathematical reaction-diffusion models indicate that these are responses aimed at offsetting diffusion constraints that would otherwise arise in adult animals (Fine et al., 1993 Because large fiber size appears to impose constraints on muscle function, it has been difficult to explain why selection might favor large fibers. Johnston and colleagues (Johnston et al., 2003; Johnston et al., 2004; Johnston et al., 2006) proposed the 'optimal fiber size hypothesis' to explain the very large fibers observed in the white muscle of some fish. These authors proposed that fish may balance the need for small fibers that promote rapid diffusive flux against potential metabolic cost savings associated with large fibers. Specifically, the fiber surface area over which membrane potential must be maintained is reduced as fibers grow, presumably making large fibers cheaper to maintain.
The major components of basal ATP consumption in mammalian muscle are the active transport of Na + and K + across the sarcolemmal membrane by the Na + /K + -ATPase, Ca 2+ transport across the sarcoplasmic reticulum (SR) membrane by the SR Ca 2+ -ATPase, and protein turnover, which consumes one GTP molecule for every amino acid translated (Gregg and Milligan, 1982; Rolfe and Brand, 1996) . The Na + /K + -ATPase functions to maintain the membrane potential across the sarcolemma, pumping three Na + ions out of the cell and two K + ions into the cell for every ATP hydrolyzed (Milligan and McBride, 1985) . The SR is the largest Ca 2+ -storing compartment in any tissue (Clausen et al., 1991) , and the SR Ca 2+ -ATPase is the major mechanism for Ca 2+ sequestration in the SR in active and resting muscle (Milligan and McBride, 1985; Swaminathan et al., 1989; Clausen et al., 1991; Györke and Palade, 1992) . Lastly, protein turnover in mammalian skeletal muscle entails transcription and translation, as well as processes associated with protein degradation, and it can represent more than 25% of total basal metabolic rate in mammalian muscle (Gill et al., 1989; Rolfe and Brown, 1997) . Of these three processes, only the cost of the Na + /K + -ATPase would be expected to be dependent on fiber size, where the decrease in fiber surface area to volume ratio (SA:V) that occurs as fibers grow larger may lead to reduced costs associated with maintaining the membrane potential (Johnston et al., 2003; Johnston et al., 2004; Johnston et al., 2006) .
While skeletal muscle is generally thought to have a low resting metabolic rate compared with other tissues, it often makes up a large fraction of body mass. In humans, skeletal muscle comprises about 40% of body mass in healthy adult subjects and 20-30% of the total resting O 2 uptake is devoted to maintaining muscle mass (Zurlo et al., 1990) . In fish and crustaceans, muscle can make up a much larger fraction of total body mass and therefore may be under strong selection to have low maintenance costs. For example, in tail-flipping crustaceans, abdominal musculature may comprise up to 65% of the total body mass of the animal (Jimenez et al., 2008) and in fish, muscle makes up 30-80% of body mass (Weatherley and Gill, 1987) . As ionic homeostasis comprises 20-40% of the resting metabolic rate in fish (Jobling, 1994) , and muscle is the dominant tissue in terms of mass in fish and crustaceans, large fibers may promote a sizable energetic saving in these animals.
In the current study, we specifically tested whether Na
pumping is proportional to fiber SA:V, and whether larger fibers are cheaper to maintain as a result of a lower SA:V. We examined this in anaerobic (white) fibers from abdominal muscle of two size classes (juveniles and adults) of the American lobster, Homarus americanus. Because of hypertrophic growth, juvenile animals have relatively small fibers while adults have relatively large fibers, providing a means of testing this hypothesis in a single species.
Abdominal muscle makes up a substantial fraction of this animal's body mass, but it is used only occasionally to power a tail-flipping escape response. There might, therefore, be strong selective pressure to minimize maintenance costs of this large, but infrequently used, muscle mass, and the abdominal musculature in adults is, in fact, known to be composed of large fibers. We applied a reaction-diffusion model to address whether fibers from adult animals are near an optimal size that minimizes costs while avoiding diffusion limitation, which would be consistent with the optimal fiber size hypothesis proposed by Johnston and colleagues (Johnston et al., 2003; Johnston et al., 2004; Johnston et al., 2006) .
MATERIALS AND METHODS Animal care and maintenance
Adult lobsters (Homarus americanus, H. Milne-Edwards 1837) were caught in Maine, and then shipped to vendors in Wilmington, NC, where they were maintained in holding tanks at 10°C prior to purchase. Juvenile lobsters were obtained by the Massachusetts Division of Marine Fisheries and then shipped to the University of North Carolina Wilmington. Juvenile and adult size classes were largely dictated by the size ranges that were available, but the two size classes did not overlap in body length or body mass (see Results for details). All animals were maintained in tanks containing filtered seawater that was constantly aerated, at a temperature of 10-12°C and a photoperiod of 12h:12h L:D for at least 24h prior to experimentation. Temperature was monitored daily using a Barnant 115 thermocouple thermometer (Cole-Parmer, Vernon Hills, IL, USA), and water quality (nitrates, nitrites, pH and ammonia) was monitored weekly using a Salt Water Master Kit (Aquarium Pharmaceuticals, Chalfont, PA, USA). Animals were fed every other day; however, feeding was stopped 24h prior to the start of the experiments.
Fiber diameter measurements
Fiber diameter was measured to confirm that the juvenile size class had smaller fibers than the adult size class as a result of hypertrophic growth. Lobsters were injected in the dorsal vein sinus with a 250gml -1 solution of wheat germ agglutinin (WGA) labeled with Alexa Fluor 488. WGA is a lectin that binds to glycoproteins on the basement membrane of the fiber sarcolemma (Wright, 1984) and effectively outlines the fiber periphery to allow measurement of fiber size (Jimenez et al., 2008; Jimenez et al., 2010; Hardy et al., 2009) . Animals were provoked to tail flip after the injection to promote perfusion of the stain into muscle fibers. Animals were killed by rapidly severing the abdomen and cephalothorax, and abdominal extensor muscle was excised 30min after injection, flash frozen in isopentane cooled in liquid nitrogen, and then mounted at resting length in optimal cutting temperature (OCT) compound (Sakura Finetek, Torrence, CA, USA) and allowed to equilibrate to -19°C in a Reichert-Jung/Leica 1800 cryocut microtome (Depew, NY, USA) before sectioning. Sections were cut at 30m, picked up on slides, air-dried at room temperature and then mounted. Stained slides were examined with an Olympus Fluoview 1000 laser scanning confocal microscope (Center Valley, PA, USA) and images were recorded as 1m thick optical sections. Polygons were traced along the fiber periphery using Adobe Photoshop (version 7.0) and Image Pro Plus (version 6.0) was used to analyze fiber diameter. The average diameter of the polygon traces through the centroid was calculated in 2deg increments around the circumference of the cell (Nyack et al., 2007; Jimenez et al., 2008; Jimenez et al., 2010) .
Cost of metabolic processes
We examined the energetics of anaerobic muscle tissue from juvenile and adult H. americanus using ex vivo 31 P-NMR techniques on small fiber preparations. Abdominal muscle tissue was dissected, and bundles of several fibers (1-2mm diameter) were tied at resting length to a section of rigid tubing and placed in oxygenated lobster saline (452mmoll -1 NaCl, 15mmoll -1 KCl, 18.9mmoll -1 CaCl 2 , 4mmoll -1 MgCl 2 , 2.8mmoll -1 MgSO 4 equilibrated with 99.5% O 2 /0.5% CO 2 , pH7.4) for 15min to stabilize. Immediately before the experiments began, the tubing with the muscle was placed in a 5mm NMR tube containing non-oxygenated saline and one of four treatments (see below). The cost of metabolic processes was determined by monitoring the rate of decrease of arginine phosphate (AP) in the presence of various metabolic inhibitors. AP is in equilibrium with ATP, ADP and arginine because of the high activity of arginine kinase (AK) in crustacean anaerobic muscle. Thus, when the metabolic production of ATP is inhibited, the rate of AP depletion is equivalent to the rate of ATP demand. Muscle basal metabolic rate was measured by monitoring the rate of AP decrease in the presence of 2.5mmoll -1 potassium cyanide to block oxidative phosphorylation and 1mmoll -1 sodium iodoacetate to block glycolysis in lobster saline. The cost of the Na puromycin, respectively. NMR spectra were collected at 162MHz on a Bruker 400 DMX spectrometer (Billerica, MA, USA) to determine relative concentrations of AP, ATP and inorganic phosphate (P i ). Spectra were collected every 3min using a 90deg excitation pulse and a relaxation delay of 12s, which ensured that the phosphorus nuclei were fully relaxed and peak integrals for the metabolites were proportional to their relative concentrations. The area under each peak was integrated using TopSpin-NMR software (Bruker) to yield relative concentrations of each metabolite, and these values were converted to concentration by assuming a total high-energy phosphate (HEP) concentration of 50mmoll -1 , which is characteristic of crustacean white muscle (Kinsey et al., 2005) .
To ensure that glycolysis was blocked during these experiments, lactate concentration was measured spectrophotometrically. Muscle lactate was measured after dissected muscle fibers from adult H. americanus were subjected to conditions identical to those in some of the 31 P-NMR experiments. The treatments used were as follows: muscles were incubated for 110min in oxygenated lobster saline, incubated with 2.5mmoll -1 potassium cyanide and 1mmoll -1 sodium iodoacetate with no oxygenation for 15min and 110min, and also incubated in 2.5mmoll -1 potassium cyanide, 1mmoll -1 sodium iodoacetate and 5mmoll -1 ouabain with no oxygenation for 15min and 110min. These experiments allowed us to evaluate lactate content at time points comparable to the beginning (15min) and end (110min) of the NMR experiments. Frozen tissue samples and the surrounding saline solution were homogenized in 3-to 10-fold dilutions of chilled 7% (v/v) perchloric acid with 1mmoll -1 EDTA, and then centrifuged at 4°C at 16,000g for 30min. The supernatant was neutralized using 3moll -1 potassium bicarbonate in 50mmoll -1 PIPES and centrifuged at 4°C at 16,000g for 15min. The resulting supernatant was stored at -80°C until use. The concentration of L-lactate in the extract was spectrophotometrically assayed following the procedures of Lowry and Passonneau (Lowry and Passonneau, 1972) [as modified by Kinsey and Ellington (Kinsey and Ellington, 1996) ]. A buffer containing 300mmoll -1 hydrazine hydrate, 12mmoll -1 EDTA and 4mmoll -1 NAD + at pH9.0 was mixed with the tissue extract in a 0.5ml cuvette and absorbance was monitored at a wavelength of 340nm on a Pharmacia Ultrospec 4000 spectrophotometer (Pfizer, New York, NY, USA) to obtain a stable baseline. The reaction was initiated by the addition of 18.5U of L-lactate dehydrogenase, and the change in absorbance was measured.
Maximal activity of the Na + /K + -ATPase Na + /K + -ATPase activity was assayed to provide a measure of the fiber size dependence of the capacity for Na + and K + transport in order to compare this with the measurements of cost described above. A K + -stimulated 3-O-methylfluorescein phosphatase (MFPase) assay was used to measure the maximal activity of the Na + /K + -ATPase (Fraser and McKenna, 1998; Barr et al., 2005; Sandiford et al., 2005 Large crustacean muscle fibers have sarcolemmal invaginations called clefts that are part of the T-tubule system (Peachy, 1967; Selverston, 1967; Rossner and Sherman, 1978) . To confirm that the bulk of the Na + /K + -ATPase was located in the sarcolemmal membrane, rather than in clefts or in other intracellular locations, an immunohistochemical protocol was used based on the method of Barradas and colleagues (Barradas et al., 1999) . Animals were killed by rapidly severing the abdomen and cephalothorax, and abdominal extensor muscle was excised tissues were dissected and fixed in 4% (v/v) paraformaldehyde for 4h at room temperature, and tissues were mounted in OCT and sectioned as described above. Sections were blocked with a 5% (v/v) normal goat serum ( 
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2+ -ATPase activity was measured to provide an index of fiber size-specific changes in the capacity for Ca 2+ transport that could be compared with the measured cost of Ca 2+ transport described above. Activity was determined spectrophotometrically following the protocol of Simonides and van Hardeveld (Simonides and van Hardeveld, 1990 ) (modified from Carroll et al., 1999; Inashima et al., 2003) . Frozen abdominal muscle tissues were pulverized under liquid nitrogen using a mortar and pestle. Nuclear number density was measured as a proxy for the capacity for transcription and translation, so that fiber size-specific changes in capacity could be compared with the cost of these processes as described above. Muscle tissue was injected with WGA, removed and sectioned as described above. Nuclei were stained with 0.5gml -1 DAPI for 30min. Slides were then rinsed in PBS for 10min. Optical slices of WGA-injected and DAPI-labeled muscle cross-sections and longitudinal sections were collected with an Olympus Fluoview 1000 confocal microscope. Peripheral muscle nuclei or subsarcolemmal nuclei (SS) were sometimes difficult to distinguish from extracellular nuclei or from nuclei in adjoining fibers. Thus, differential interference contrast images (DIC) and nuclear shape helped us to determine whether peripherally located nuclei were truly intracellular (Hardy et al., 2009; Hardy et al., 2010; Priester et al., 2011) . Fiber margins were traced using Adobe Photoshop and resultant polygons were used in Image Pro Plus to calculate fiber cross-sectional area (CSA), while nuclear CSA and diameter (from fiber cross-sections) and nuclear lengths (from longitudinal sections) were calculated by outlining DAPI-stained nuclei. The nuclear number density, which is the number of nuclei per volume of fiber, is the inverse of the nuclear domain and was calculated following the methods of Schmalbruch and Hellhammer (Schmalbruch and Hellhammer, 1977): where N represents the number of myonuclei per cross-section of fiber, d is the thickness of the section (30m) and l is the mean length of a muscle nucleus.
Mitochondrial volume density
To estimate aerobic capacity of abdominal extensor muscle for our reaction-diffusion model of aerobic metabolism, mitochondrial volume density was measured using a transmission electron microscope (TEM) following the methods of Nyack et al. (Nyack et al., 2007) . Excised abdominal muscle fibers from juvenile and adult lobsters were fixed at room temperature in 2.5% (v/v) glutaraldehyde with 0.2moll -1 sodium cacodylate buffer for 24h, rinsed twice for 15min each in cacodylate buffer and then placed in secondary fixative of OsO 4 for 2h. Embedding and systematic random thin-sectioning methods followed those described previously (Boyle et al., 2003; Johnson et al., 2004) . Sections were examined on a CM-12 TEM (Philips Research, Briarcliff Manor, NY, USA), and micrographs were analyzed by a systematic random sampling method for each grid (Howard and Reed, 1998) as described elsewhere (Nyack et al., 2007; Burpee et al., 2010) . Micrographs were then developed and digitized using a Microtek Scanmaker 4 (Microtek Lab, Carson, CA, USA). Four animals of each size class were examined. Three micrographs were collected per grid, giving a total of 15 micrographs per tissue preparation.
Analysis and modeling
The optimal fiber size hypothesis states that fibers are as large as they can be to reduce metabolic costs, without becoming so large that aerobic metabolism is limited by diffusion. To evaluate the relationship between cost of the Na + /K + -ATPase and fiber SA:V, a curve that describes the SA:V of a cylindrical fiber as a function of fiber radius was iteratively fitted to the experimental data. This allowed us to project the Na + /K + -ATPase costs to smaller and larger fibers than those that were measured and therefore estimate the changing cost during fiber growth.
Nuclear number density
An existing reaction-diffusion mathematical model was applied to lobster fibers to assess the extent to which diffusion constrains aerobic ATP turnover and therefore limits maximal fiber size (Dasika et al., 2011) . The model assumes that O 2 is supplied via the hemolymph at the fiber periphery, and that mitochondria, cellular ATPases and AK are distributed uniformly across the radius of the fiber. ATP production at the mitochondria is governed by an expression derived from the detailed model of oxidative phosphorylation developed by Beard (Beard, 2005) . This expression serves as a boundary condition where the rate of ATP production is dependent on the concentrations of O 2 , ADP and P i . ATP consumption is governed by a Michaelis-Menten expression with dependence on ATP concentration, and AK was described using the expression of Smith and Morrison (Smith and Morrison, 1969) . The effectiveness factor () was calculated to quantify the extent to which diffusion limits aerobic ATP turnover. The  is the ratio of the metabolic rate in the presence of diffusion to the rate if diffusion were infinitely fast. Thus, if 1, then diffusion does not limit the reaction rate, whereas if 0.5, then the rate is 50% of what it would be if diffusion was not constraining the reaction. This model allowed us to evaluate how diffusion limitations change during fiber growth (for details, see Dasika et al., 2011) .
Statistics
The AP depletion rate for each treatment was analyzed using linear regression analysis. Student's t-tests were used to compare fiber diameter, SA:V, Na -ATPase maximal activity and nuclear domain differences between size classes. Two-way analysis of variance (ANOVA) was used to test for an interaction between inhibitor treatment (blocking ATP production versus blocking ATP production plus one of the three ATP-consuming processes that were measured) and size class on AP depletion rate. One-way ANOVA was used to test for treatment effects on lactate concentration. The results were considered significant if P<0.05. Data are presented as means ± s.e.m.
RESULTS

Body mass and fiber size measurements
The current study examined H. americanus ranging in body mass from 10.2 to 927.2g with mean body masses for the juvenile and adult size classes of 108.1±1.89 and 621.7±2.45g, respectively. Fig.1 illustrates hypertrophic growth exhibited by the white abdominal extensor muscles leading to larger fiber sizes in adults. Fiber diameter in juvenile animals ranged from 151 to 621m, and in adult animals from 356 to 1048m. Mean fiber diameter was 316±11m in juveniles (N3) and 670±26m in adults (N5); thus, adult animals had a mean fiber diameter that was about 2-fold greater than that of juvenile animals, and fiber SA:V (calculated assuming that the average fiber was cylindrical) was therefore about 2-fold lower in adult animals. Student's t-test indicated that mean fiber sizes (and SA:V) of juvenile and adult size classes were significantly different (Fig.1 inset) .
Measuring the cost of metabolic processes using 31 P-NMR Isolated abdominal muscle fibers from juvenile and adult H. americanus displayed good metabolic stability. When tissues were maintained in oxygenated saline, there was no change in AP concentration over the 110min time course of the experiments. In contrast, addition of inhibitors of glycolysis and oxidative phosphorylation produced linear reductions in AP over time (and corresponding increases in P i ), the rate of which was equivalent to the rate of ATP demand. When other inhibitors were simultaneously added that blocked specific components of ATP demand, the rate of AP depletion was reduced (Figs2 and 3) . L-Lactate was not higher with inhibitor treatments than in oxygenated saline, and there was no significant effect of treatment on L-lactate concentration, indicating that it did not significantly accumulate during the course of the experiments (F0.67, P0.58, N9 for each treatment). Fig.4A shows that the mean AP depletion rate in the presence of inhibitors that blocked ATP production was higher in the small fibers of juveniles than in the large fibers of adults, as expected because of body mass-specific scaling of metabolic rate. In the presence of additional inhibitors that blocked components of ATP demand, the mean rate of AP depletion was reduced. Fig.4B shows the muscle basal metabolic rate, which is equivalent to the AP depletion rate when ATP production was blocked, as well as the cost of each ATPconsuming component, which is equivalent to the reduction in slope in the presence of an additional inhibitor. Two-way ANOVA revealed a significant interaction of size class and inhibitor treatment on the rate of AP depletion when the Na + /K + -ATPase was inhibited (F7.2472, P0.0149), whereas there was no significant interaction of size class and treatment on AP depletion rate when Ca 2+ cycling or transcription+translation was inhibited (the other treatment in all cases was inhibition of ATP production only). This indicates that Na + /K + -ATPase cost was fiber size dependent, but Ca 2+ cycling and transcription+translation cost was not, as hypothesized. Fig.4B also shows that the basal metabolic rate was largely accounted for by the three processes examined. Further, the Na + /K + -ATPase cost was 2-fold higher in smaller fibers of juveniles (consistent with the 2-fold higher SA:V seen in Fig.1 ), while there are less dramatic differences in the cost of Ca 2+ cycling and protein turnover.
Metabolic capacity
Maximal Na + /K + -ATPase activity was 2-fold greater in the muscle of juvenile animals than in that of the adult animals, again in proportion to the fiber SA:V (Fig.5A) . There was no significant change in maximal SR Ca 2+ -ATPase activity between size classes (Fig.5B) , which was consistent with the cost of Ca 2+ pumping. Total nuclear number volume was significantly greater in the muscle from juveniles than in muscle from adults (Fig.5C) , which was consistent with the difference in cost of transcription and translation. Fig.5D reveals that, for all cases, the relative changes during growth in metabolic costs were similar to the changes in metabolic capacity of each process.
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Immunohistochemistry revealed that the Na + /K + -ATPase was only detectable at the sarcolemma and no staining was observed in sarcolemmal clefts or in the interior of the fiber, suggesting that most of the activity of this enzyme was localized to the fiber periphery (Fig.6A) . -1 potassium cyanide and 1mmoll -1 sodium iodoacetate. (C)Spectrum after 110min in oxygenated saline in the absence of inhibitors. AP, arginine phosphate; P i , inorganic phosphate. An evaluation of muscle maintenance cost that was used to determine nuclear number density. Nuclei at both the fiber periphery and in the fiber core are common in crustaceans (Jimenez et al., 2010; Hardy et al., 2009; Hardy et al., 2010) .
Balancing maintenance costs and diffusion constraints
Fig .7 shows the predicted decrease in Na + /K + -ATPase costs associated with fiber growth, as well as the predicted increase in diffusion limitation of aerobic metabolism as fiber diameter increases. Three different ATP turnover rates are shown in the model results, where the higher rates are associated with a decreased  (and increased diffusion limitation). The maximal ATP turnover rate in lobster abdominal muscle has, to our knowledge, not been measured. However, total mitochondrial volume density was 0.0074±0.0001 for juvenile lobsters and 0.0067±0.0001 for adult lobsters. These volume densities are similar to those in white muscle from other crustaceans for which we have measured rates of aerobic ATP production (Kinsey et al., 2005; Jimenez et al., 2008) . Based on this prior work, we believe that a maximal aerobic rate of cellular ATPases (V max ) of 1.2mmoll -1 ATPmin -1 is the most reasonable rate for lobster abdominal fibers. At this V max , the fibers do not appear to be approaching substantial diffusion limitation over the fiber size range that is likely to occur.
DISCUSSION
The current study tested whether the cost of maintaining the abdominal muscle of the lobster H. americanus decreased during fiber growth. The major findings were that fiber size increased dramatically during animal growth, and SA:V, Na + /K + -ATPase activity and the cost of maintaining the membrane potential were 2-fold higher in the smaller fibers of juveniles than in the larger fibers of adults. In contrast, SR Ca 2+ -ATPase activity and the cost of calcium pumping were independent of fiber size and not significantly different between size classes, while nuclear number density and the cost of transcription and translation were greater in smaller fibers. Therefore, it appears that a decrease in SA:V makes larger muscle fibers metabolically less expensive to maintain, perhaps explaining why muscle fibers are among the largest cells in the animal kingdom. Hypertrophic growth leads to developmental increases in diffusion distances that limit the permissible rates of intracellular aerobic processes Kinsey et al., 2011) . In anaerobic fibers like those in the present study, these increased diffusion distances are unlikely to influence contraction, which is powered by phosphagen hydrolysis and glycolysis. These anaerobic pathways rely on endogenous fuels, and the abundance of phosphagen kinases and glycolytic enzymes that are present throughout the sarcoplasm make diffusion distances very short. However, diffusion limitation of aerobic metabolism, which depends on the movement of oxygen from the blood to the mitochondria, could affect the rate of post-contractile recovery and therefore limit an animal's ability to undergo multiple high-force escape responses during predator-prey interactions (Kinsey et al., 2005; Nyack et al., 2007; Jimenez et al., 2008) . Nevertheless, large increases in diffusion distances in muscle due to hypertrophic growth are prevalent among many animals including mammals, although the most extreme cases are found in anaerobic muscle fibers of crustaceans and fish species (Boyle et al., 2003; Johnson et al., 2004; Nyack et al., 2007; Jimenez et al., 2008) . So, why might there be positive selection for large fiber sizes? Johnston and colleagues (Johnston et al., 2003; Johnston et al., 2004; Johnston et al., 2006) proposed the optimal fiber size hypothesis, which states that the large fibers in some fishes reflect selection to minimize maintenance costs, while balancing these cost savings against the need for small fibers that promote rapid diffusive flux. The American lobster is an ideal study organism to test this hypothesis because its abdominal musculature comprises 20-30% of the whole-animal body mass and it is activated only during escape responses. Hence, these animals have to maintain a large mass of muscle tissue that is only rarely used. Further, as the animal increases in size, it relies less on tail flipping to escape predators and more on defensive behaviors (Lang et al., 1977) . Therefore, this muscle group may be under strong selective pressure to minimize metabolic costs associated with tissue maintenance.
The costs associated with the Na + /K + -ATPase in H. americanus was 40-50% of the muscle resting metabolic rate, which is consistent with previous studies in skeletal muscle from sheep (Gregg and Milligan, 1982) , mice (Gregg and Milligan, 1980) , rats (Asano et al., 1976) and calves (Gregg and Milligan, 1982) , although Pörtner and colleagues (Pörtner et al., 2000) found that Na (Fig.4) . That is, there was a significant size-dependent reduction in the AP depletion rate (compared with the basal rate) when the Na + /K + -ATPase was inhibited, but not when the SR Ca 2+ -ATPase or transcription and translation were inhibited. These findings are consistent with expectations of the optimal fiber size hypothesis proposed by Johnston and colleagues (Johnston et al., 2003; Johnston et al., 2004; Johnston et al., 2006) , and to our knowledge provide the first experimental evidence of the selective factors that may control minimal fiber size.
The AP depletion rate in the presence of nifidipine and thapsigargin, which allowed us to measure the cost of Ca 2+ cycling, was 30-50% of the basal metabolic rate in small and large muscle fibers of H. americanus, respectively, and had nearly the same absolute cost in the two size classes, as expected (Fig.4) . Maximal Ca 2+ -ATPase activity assays yielded values that were higher than reported values in the literature from rainbow trout and crucian carp heart, and also from plantaris in rats (Fig.5B) (Aho and Vornanen, 1998; Inashima et al., 2003) . However, maximal activity of Ca 2+ -ATPase in crustacean muscle has been reported to be up to two orders of magnitude greater than that of comparable vertebrate Ca 2+ -ATPases in muscle (Ahearn et al., 2004; Van der Kloot, 1969; Baskin, 1971 ) and the TEM images used for mitochondrial volume density in this study revealed large amounts of SR throughout the tissue compared with fish tissue (data not shown). Deamer (Deamer, -ATPase is very similar to that in mammals, although the specific activity of the enzyme was among the highest reported. The lack of a fiber size effect is again consistent with the optimal fiber size hypothesis, as the SR Ca 2+ -ATPase is not associated with the sarcolemmal membrane. Muscle fibers are a multi-nucleated syncytium, and in adult crustaceans myonuclei are uniformly distributed throughout the muscle fiber, which is different from the mammalian paradigm where myonuclei are usually at the fiber periphery and are associated with the sarcolemma (Bruusgaard et al., 2003; Hardy et al., 2009; Hardy et al., 2010; Jimenez et al., 2010) (Fig.6B) . However, calculated mean values of nuclear number volume (Fig.5C ) are similar to those found in blue crab, chicken, rat and human muscle (Allen et al., 1996; Ohira et al., 1999; Rosser et al., 2002; Hardy et al., 2009; Jimenez et al., 2010) . The cost of protein turnover in these fibers was 14% and 11% of the muscle basal metabolic rate in juvenile and adult animals, respectively, although there was no significant interaction of size class and inhibitor treatment on the rate of AP depletion (Fig.4) . The nuclear number volume in these fibers was proportional to the cost of transcription+translation, although unlike the cost experiments the number volume was significantly higher in small fibers from juveniles than in large fibers from adults (Fig.5C) . It is possible that the greater investment in nuclei in juveniles than adults is related to higher growth rates in smaller animals. Nevertheless, these findings are not inconsistent with the optimal fiber size hypothesis as the nuclei are clearly independent of the fiber SA:V (Fig.6B) .
To assess the impact of fiber size on whole-animal metabolic rate, we estimated the percentage of V O2 devoted to the Na O 2 , an ATP:O 2 ratio of 6 and an intracellular water content that was 70% of wet mass. We used whole-animal V O2 values for lobster from the literature (Bridges and Brand, 1980; Logan and Epifano, 1978) , which we converted to 2.90mol ATPg (Fig.7) , then for a muscle composed of fibers that are 40m in diameter (typical for many fiber types), the cost of membrane potential maintenance in abdominal muscle would be 48% of the total O 2 consumption in an adult lobster. This suggests a substantial metabolic advantage of the large fiber sizes found in the lobster.
The optimal fiber size hypothesis states that larger fibers are less costly to maintain, and therefore there is selective pressure for fibers to be as large as possible without incurring diffusion limitation. The present study provides evidence that large fibers are, in fact, cheaper to maintain, and most of the difference in resting metabolic rate of the abdominal fibers is due to differences in the Na + /K + -ATPase costs between juvenile and adult animals (Fig.4B) . The basis for this appears to be simple geometry, as both the Na + /K + -ATPase activity and cost were proportional to the fiber SA:V. However, while there appears to be selective pressure to make fibers large, they do not appear to be as large as they can be. , which is likely the most reasonable for this tissue, aerobic metabolism is not substantially limited by diffusion (indicated by a value for  at or near 1). See Results for additional details.
based on mitochondrial volume density and previous work (Kinsey et al., 2005; Jimenez et al., 2008) , fibers could grow to considerably larger sizes and not reach diffusion limitation. This finding would seem to be at odds with the optimal fiber size hypothesis. However, Fig.7 also shows that once fibers reach a radius of about 300m, there is very little reduction in SA:V as fibers continue to grow. Therefore, the selective pressure that drives fibers to be large may be gradually relieved as they attain large sizes. In contrast, there is a very large change in SA:V in smaller fibers, and the selective pressure may be much greater in the early stages of animal growth (in animals smaller than we could acquire). This also suggests that the optimal fiber size hypothesis proposed by Johnston and colleagues (Johnston et al., 2003; Johnston et al., 2004; Johnston et al., 2006) to explain the very large fibers in some fish may actually be most applicable to muscle with fibers that do not grow to such extraordinary sizes, including that in mammals. Thus, the present study provides support for the hypothesis that muscle fiber minimal size is governed, at least in part, by the reduced maintenance costs afforded by large fibers.
